
ORIGINAL PAPER

Bone diagenesis in archaeological and contemporary human
remains: an investigation of bone 3D microstructure
and minero-chemical assessment

Valentina Caruso1,2
& Nicoletta Marinoni1 & Valeria Diella3 & Francesco Berna4 & Marco Cantaluppi1 & Lucia Mancini5 &

Luca Trombino1
& Cristina Cattaneo2

& Linda Pastero6
& Alessandro Pavese6

Received: 25 February 2020 /Accepted: 21 May 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
The major difficulty to study bone preservation is to define which diagenetic parameters need to be taken into account when any
information on environmental conditions is missing. Through this research, we contribute towards understanding the complex
interplay of factors that affects human bones during diagenetic process. The work focuses on how organic and mineral compo-
nents influence each other and how they influence the resulting micro-structural assessment of human bone. The mineral and
organic properties of 24 adult human long bones from archaeological to contemporary burials inMilan (Italy) were characterized
through different analytical techniques, in relation to the preservation of their microstructure and porosity. The 3Dmicrostructure
of the bone tissue was carried out through the use of phase contrast synchrotron radiation computed micro-tomography
(SR-μCT). The results show that when diagenesis proceeds, (i) the bone tissue is progressively attacked by microbes; (ii) the
diagenetic porosity increases at the expense of vascular ones; (iii) the volumes, diameters, and interconnections of vascular canals
are markedly reduced; (iii) the amount of organic and carbonate fraction decreases whereas bone crystallinity and mean crystal
length increase; (iv) the Ca/P mole ratio in CHA crystals increases; (v) the anisotropy along c-axis in CHA crystals is lost,
resulting in an increase of their domain size. Since the conservation of organic and mineral fractions is variable in relation to bone
microstructure within the same period and site, the research points out the needs to perform a multi-analytical approach to
characterize the bone diagenesis at different scales of observation.

Keywords Humanbonediagenesis . Phasecontrast synchrotron radiationcomputedmicro-tomography(SR-μCT) .X-raypowder
diffraction (XRPD) . Fourier transform infrared spectroscopy (FT-IR) . Electronmicroprobe analysis (EMPA)

Introduction

Human bone is a composite material made by carbonate-
hydroxyapatite (CHA, 60–70 wt%), organic matter (mainly

fibrous protein collagen, 20–30 wt%), and water (10 wt%),
intimately associated with each other into a common building
block (the mineralized collagen fibril) with a highly ordered
structure (Weiner and Wagner 1998). The amount of organic

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12520-020-01090-6) contains supplementary
material, which is available to authorized users.

* Valentina Caruso
caruso.valentina@libero.it

1 Dipartimento di Scienze della Terra “Ardito Desio”, Università degli
Studi di Milano, Luigi Mangiagalli street n.34, 20133 Milan, Italy

2 LABANOF, Laboratorio di Antropologia e Odontologia Forense,
Sezione di Medicina Legale e delle Assicurazioni, Dipartimento di
Scienze Biomediche per la Salute, Università degli Studi di Milano,
Luigi Mangiagalli street n.37, 20133 Milan, Italy

3 IGAG, Sezione di Milano, Consiglio Nazionale delle Ricerche,
Sandro Botticelli street n.23, 20133 Milan, Italy

4 Department of Archaeology, Simon Fraser University, 8888
University Drive, Burnaby, British Columbia, Canada

5 Elettra-Sincrotrone Trieste S.C.p.A, Strada Statale 14 - km 163,5,
Basovizza, 34149 Trieste, Italy

6 Dipartimento di Scienze della Terra, Università degli Studi di Torino,
Valperga Caluso Street n.35, 10123 Turin, Italy

Archaeological and Anthropological Sciences          (2020) 12:162 
https://doi.org/10.1007/s12520-020-01090-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s12520-020-01090-6&domain=pdf
http://orcid.org/0000-0001-9452-9121
https://doi.org/10.1007/s12520-020-01090-6
mailto:caruso.valentina@libero.it


and mineral phases, as well as their spatial arrangement (po-
rosity, orientation, and microstructure), has a key role in de-
fining the bone mechanical properties and in affecting its pres-
ervation after death (Reiche et al. 2002).

Before death, several extrinsic and intrinsic factors can in-
fluence the bone tissue properties (diet, age, mineral turnover,
cell viability, health status, therapeutic modalities) (Boskey
2003), whereas after death, a bone undergoes many diagenetic
changes, which depend on the time elapsed since death and on
the burial settings (temperature, pH, water, soil chemistry,
microbiological composition) (Wilson and Pollard 2002). In
particular, post-mortem bones are primarily affected by a loss
of structural collagen, whose proteins can be fully or partially
replaced by inorganic precipitates (Collins et al. 2002). Owing
to the collagen matrix decomposition, the carbonate-
hydroxyapatite spontaneously loses some of the CO3

−2

groups, transforming into a more stable thermodynamically
phase of CHA with a crystal habit very similar to that of
hydroxyapatite (HA) (Berna et al. 2004).

Since the diagenetic process affects buried bones from
macro- to nano-scale (Guarino et al. 2006), several levels of
investigation are required to properly study recent and ancient
buried specimens.

Many works are nowadays investigating the state of pres-
ervation of organic and mineral fractions and of microstruc-
ture as if they were independent of each other, without con-
sidering the possible correlations among them (Fernández-
Jalvo et al. 2010; Reiche et al. 2010; Piga et al. 2013;
Beasley et al. 2014; Lebon et al. 2014; France et al. 2014;
White and Booth 2014; Booth and Madgwick 2016;
Brönnimann et al. 2018; Caruso et al. 2018; Hollund et al.
2018; Tripp et al. 2018; Stathopoulou et al. 2013; Morales
et al. 2017, and references therein). Other papers pay attention
to the impact of the environment (for instance, water, pH, soil)
on the bone diagenetic transformations (Abdel-Maksoud and
Abdel-Hady 2011; Müller et al. 2011; Rogoz et al. 2012;
Boaks et al. 2014; Monge et al. 2014; Dal Sasso et al. 2015;
Keenan et al. 2015; Abdel-Maksoud and El-Sayed 2016;
Huisman et al. 2017; Kendall et al. 2018; Kontopoulos et al.
2019; Margariti et al. 2019, and references therein). In partic-
ular, Nielsen-Marsh and Hedges (2000) point out that the local
hydrology has a strong influence on the outcome of bone
preservation and porosity appears to be the most effective
single diagenetic parameter that determines and marks the
degree of bone preservation in burial environment.
Eventually, Kendall et al. (2018) claim that “the diagenetic
mechanisms are found to work in conjuction with each other,
altering the biogenic composition of skeletal material.”

A wide number of analytical techniques, encompassing
Fourier transform infrared spectroscopy (FT-IR), X-ray pow-
der diffraction (XRPD), and optical microscopy, are being
currently employed to characterize bone diagenesis in fossil,
archaeological, and modern remains from a conventional

histological, physical-chemical, and mineralogical point of
view (Turner-Walker and Syversen 2002; Piga et al. 2009;
Chadefaux et al. 2009a; Lebon et al. 2011, 2014, 2016;
Hollund et al. 2013; Beasley et al. 2014; France et al. 2014;
Schmahl et al. 2016; Dal Sasso et al. 2018; Marques et al.
2018; Kontopoulos et al. 2019; Ryanskaya et al. 2019). In
the last years, several works stress the potential of the phase
contrast synchrotron micro-computed tomography (SR-μCT)
as a promising technique to reveal the complexity of 3D bone
features (Cooper et al. 2003), as well as to investigate the
degree of use-damage of ancient animal bone weapons
(Bello et al. 2013; Bradfield 2013). In particular, in medical
and bio-engineering field, SR-μCT was used to evaluate the
bone stiffness and strength of trabeculae and cortical tissue
(Palacio-Mancheno et al. 2014; Hollund et al. 2018; Marado
et al. 2018; Morales et al. 2017), whereas in forensic anthro-
pology and bioarchaeology, some works show the great po-
tential of SR-μCT to provide an extraordinary level of details
about the inner bone features and the related diagenetic alter-
ations (Tripp et al. 2018; Amarante et al. 2019).

Many researches have focused on how bone diagenesis
takes place in the early post-depositional period in fresh hu-
man bones and animal carcasses using different analytical
techniques at laboratory scale and/or performing experiments
at large-scale facilities (Peyrin et al. 2014; Maggiano et al.
2016; Le Garff et al. 2017a; Le Garff et al. 2017b; Soltan
et al. 2019). However, studies combining the evaluation of
the micro-structural bone tissue features and their physical-
chemical andmineralogical properties, in regard to the organic
and mineral fractions in human skeletons from archaeological
to contemporary ages, are comparatively few.

An understanding of the diagenetic processes, in terms of
preservation and decay over time, is crucial in bioarchaeology
and physical anthropology, because bones can be likened to
“windows” onto past lifeways, environments, and evolutionary
histories (Müller et al. 2011). In case of unknown and highly
fragmented remains, the suitability of a preserved bone tissue at
histological scale allows one to perform several diagnoses, in-
cluding species determination (human versus non-human)
(Cattaneo et al. 2009), age of death (Kerley and Ubelaker
1978; Han et al. 2009), and disease (Assis et al. 2015).
Chemical compositions of bones (and teeth) are a key for infor-
mation about climate, environmental exposure, genetics, diets,
health, dating, and migration (Evans et al. 2006; Brady et al.
2008; Castro et al. 2010 and the literature herein cited; Müller
et al. 2011). All these data, synergically pieced together, allow
assessment of the demographic trend, ethnic evolution, and
health of past populations as well as of the funerary activities
or other cultural practices (Ambrose and Krigbaum 2003;
Szostek et al. 2011; Booth et al. 2016; Booth 2016).

In this light, this paper presents a multidisciplinary ap-
proach by combining traditional and unconventional analyti-
cal methods to fully characterize the post-mortem evolution of
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twenty-four adult human bones from Late Roman to
Contemporary burial settings, found in the Metropolitan City
of Milan (Italy). In particular, the conservation of organic and
mineral phases was investigated by FT-IR, XRPD, and elec-
tron microprobe in wavelength-dispersive mode (EMP-
WDS). The micro-structural modifications of bones were an-
alyzed by two-dimensional (2D) histological sections by con-
ventional optical microscopy (OM) and scanning electron mi-
croscopy using backscattered electron images (SEM-BSE).

Starting from the previous studies by Nielsen-Marsh and
Hedges (2000), we aim to move ahead. In particular, the char-
acterization of the actual bone porosity has been performed by
means of micro-tomography, which allows one to detect the
actual 3D spatial distribution of pores within the bones.
Owing to the high resolution required to detect from nano to
micrometric bone micro-structural features, phase contrast
SR-μCT appears to be the most appropriate technique to ob-
tain a detailed characterization of the bone matrix, in terms of
quantitative and morphometric analysis of its porosity attrib-
uted to (i) vascular canals and (ii) voids produced by tissue
degradation (i.e., total porosity, pore size, tortuosity, orienta-
tion, and connectivity).

Therefore, the present research is a contribution to under-
standing the complex interplay of factors affecting human
bones during the diagenetic process. In particular, the work
focuses on how the organic andmineral components influence
each other and how they affect the resulting microstructure of
human bones.

Material and methods

Osteological materials

Twenty-four human bones were collected from four burial
settings of theMetropolitan City ofMilan (Italy). In particular,
six bones (UC) belong to the Late Roman Age (from third to
fifth century AD) and were discovered in Università Cattolica;
twelve bones belong to the Modern Age, among which six are
from Viale Sabotino (VS) (seventeenth century AD), and six
from Ca’ Granda (CG) (from sixteenth to the beginning of
eighteenth century AD); six bones belong to the
Contemporary Age (CM) (end of twentieth century AD) and
come from Cimitero Maggiore. The Late Roman bones of
Università Cattolica belong to individuals buried in ground,
in single or multiple graves, inside a necropolis (Sannazaro
2001). The Modern bones of Viale Sabotino were sampled
from a mass grave which hosted commingled skeletal remains
of two hundred forty individuals died from a plague outbreak
(Marsden and Pagani 2008). The Modern bones of Ca’
Granda belong to an ossuary discovered inside the crypt of
the Church of Santa Maria Annunciata, of the University of
Milan. Since the fifteenth to eighteenth century AD, the

present headquarter of the University of Milan was the
greatest hospital of the city; therefore, the commingled skele-
tons that have been found probably belong to the patients who
died during the hospitalization. The Contemporary bones
from Cimitero Maggiore are unclaimed remains, buried in
coffins in the cemetery, and exhumed after 15 years, when
the skeletonization process was completed (Cattaneo et al.
2018). In accordance with the Police Mortuary Rules (DPR
09.10.90 n° 285, art. 43) and in virtue of an agreement be-
tween the municipality of Milan and the Department of Legal
Medicine of the University of Milan, unclaimed human re-
mains can be used for scientific research. The sex and age of
the human bones were determined following standard anthro-
pological methods (Beauthier et al. 2010; Brooks and Suchey
1990; Işcan et al. 1984; Rouge-Maillart et al. 2009) applied to
the entire skeleton (see Appendix Table 2). In the case of
commingled remains, information on sex was obtained only
by metrical analysis of each bone.

Analytical methods

Optical microscopy

Thin cross sections were prepared for OM observations after
Caruso et al. (2018) and analyzed with an Axio Scope.A1
light microscope, equipped with a True Chrome Hd II camera
for image acquisition using IScapture® (version 3.6.7) soft-
ware, with a resolution of 1920 × 1080. In OM, the histolog-
ical destruction of bone (i.e., amount of unaltered bone versus
amount of material affected by microbial attack and erosion)
was estimated using the Oxford Histological Index (OHI)
(Hedges et al. 1995). The degree of histological destruction
is expressed in scores from 5 to 0. A score of 5 corresponds to
less than 5% of bone tissue affected by deterioration (the mi-
croscopic histological features of the tissue appear identical to
those of fresh bone), whereas a score of 0 indicates that less
than 5% of the original bone features are preserved. For the
sake of simplicity, the bone preservation level was determined
by gathering histological destruction classes into three sub-
classes as follows: low = OHI 0–1; medium = OHI 2–3; high
= OHI 4–5.

Scanning electron microscopy and electron microprobe
analysis in wavelength-dispersive mode

Backscattered electron images on polished thin sections were
performed using a Cambridge Stereoscan 360, with an accel-
eration current of 15 kV, a beam size of 100 nm, and a work-
ing distance of 11 mm. The 2D images were recorded with
Oxford Link Pentafet software, with a resolution of 1024 ×
730, where the pixel linear size is as large as 1.5 μm.

EMP-WDS was employed to carry out quantitative chem-
ical analyses on thin sections, using a JEOL JXA-8200 EMP-
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WDS, with an accelerating voltage of 15 kV, a beam current
of 5 nA, and counting times of 30 s on peak and 10 s on
background. Quantitative analysis of major (Ca, P) and minor
(Fe, Al, Na, K, Si, Mn, Mg, Sr, Ba, S, Cl, F, La, and Ce)
elements was performed. F, La, and Ce resulted under the
detection limit.

Synchrotron X-ray micro-tomography

Phase contrast SR-μCT was used to obtain 3D microstructure
reconstructions. Samples were “imaged” at the SYRMEP
beamline of the Elettra synchrotron laboratory (Trieste,
Italy), employing a filtered (1 mm Al + 1.5 mm Si) polychro-
matic X-ray beam delivered by a bending magnet source in
transmission geometry. The sample-to-detector distance was
set at 120 mm. The detector used was an air-cooled, 16 bit,
sCMOS camera (Hamamatsu C11440-22C) with a 2048 ×
2048 pixel chip coupled with a LSO:Tb scintillator screen
(17 μm thick on the top of a 170 μm-thick LSO substrate)
and a high numerical aperture optics. The effective pixel size
of the detector was set at 2.1 × 2.1 μm2, and the pixel array
provided a total coverage of about 4.3 × 4.3 mm2. From 1800
to 3000, projections were recorded rotating continuously each
sample by 360° and using an exposure time/projection of 2 s.

Each set of collected raw images was processed by the STP
(SYRMEP Tomo Project) software suite, developed in-house
at Elettra (De Carlo et al. 2014; Brun et al. 2015), to perform
image reconstruction by means of the filtered back-
propagation algorithm. A filter for ring removal (Munch
et al. 2009) was used to compensate for the so-called ring
artifacts. From every set of slices, a volume of interest (VOI)
was selected by Fiji (version 1.51e) (Schindelin et al. 2012);
the porosity of total bone (TP) and vascular canals (CP) were
addressed after Cooper et al. (2003). Moreover, diagenetic
porosity (DP) was selected by digital subtraction of the vas-
cular canal porosity from the total one. The 3D image analysis
in order to extract quantitative parameters about the pore mor-
phology and distribution was performed by the software li-
brary Pore3D which allowed calculation of the following: (i)
volume fraction (Vv—volume of the vascular canal pore
network/total volume) expressed as vol%; (ii) Euler character-
istics (χV—an index associated with the connectedness of a
3D pore network and indicating the number of connections
between voids per unit volume. χV is expressed inmm−3 and it
is positive, when the number of isolated pores exceeds the
number of multiple interconnections between pores, or nega-
tive, in the case of connected pore networks); iii) morphomet-
ric features of the vascular canal pore structure, such as size
and aspect ratio. The skeletonization process, i.e., a thinning
procedure for visualizing the “backbone” of the pore object,
was carried out on the connected pores by applying the GVF
algorithm (Brun and Dreossi 2010). The analysis of obtained
skeletons allowed investigation of the actual connectivity of

the pore network by computing the connectivity density pa-
rameter (Brun et al. 2010). The reconstructed volumes were
visualized by 3D rendering procedures, using the commercial
software VGStudio 3.1.2.

Fourier transform infrared spectroscopy

The samples were prepared according to Trueman et al.
(2008) for FT-IR spectroscopy measurements. Bone pow-
ders were analyzed in transmission mode with a Thermo
Scientific Nicolet iS5 transportable FT-IR spectrometer
equipped with a transmission mode sampling chamber
(model iD1). Absorption spectra in the 4000 to 400
cm−1 wavenumber range were collected recording 32
scans at a resolution of 4 cm−1. Two samples for each
bone population were measured in triplicate to account
for sample variability and estimate instrumental error.
Instrumental setup, spectra collection, and data analysis
were carried out using Thermo-Nicolet Omnic (version
9) software. For each whole bone sample, the FT-IR ab-
sorption intensity bands of ν1Amide I (1653 cm−1),
ν3(PO4

−3) (1035 cm-1), and ν2(CO3
−2) (873 cm−1) were

measured (Trueman et al. 2004). The organic component
(wt%) was estimated using the equation of Trueman et al.
(2004). The degree of recrystallization of the bone miner-
al was determined by the infrared splitting factor (IRSF),
calculated according to Winer and Bar-Yosef (1990).
Since crystallinity is a measure of structural order within
CHA that is directly related to the mean crystal length, the
mean CHA crystallite length was indirectly estimated
using the equation of Trueman et al. (2008).

X-ray powder diffraction

For the present study, the bone samples for bulk XRPD were
pulverized and side loaded on a flat Al sample holder and
measured by a Bragg-Brentano geometry PANalytical
X’Pert Diffractometer, using CuKα radiation (1.5417 Å)
(40 kV and 40 mA), and a X’Celerator detector, over the
angular 2θ 5°–140°, with divergence slit of 1/2° and receiving
slit of 0.1 mm as instrumental setting. The XRPD patterns
were collected with a counting time of 100 s/step and with a
0.01° step and the collection time for each powder pattern was
pursed for 120 min. The XRPD qualitative analysis was per-
formed by PANalytical X’Pert HighScore software. Rietveld
refinement (Young 1993) was performed on diffraction pat-
terns using the GSAS-II program. Rietveld refinement was
applied over the entire measured profile varying cell parame-
ters, crystallite size, micro-strain, zero shift, and using a
Chebyshev polynomial function with five terms to model
background. Atomic thermal parameters, site occupancy,
and atomic position were kept fixed at their values from liter-
ature during refinement (Cheary and Coelho 1992). The
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hexagonal structure model of Sudarsan and Young (1969) was
employed. The peak widths are hkl dependent and the plot of
FWHM values of resolved reflections as a function of 2θ well
indicates that structural imperfections are causing anisotropic
line broadening. In this light, the apparent crystallites are
interpreted in terms of a physical model by using ellipsoidal
crystallites that are described by two distinct axis, such as the
axial and equatorial ones. An isotropic model was described
the extant of dislocation, distortion (micro-strain) within the
crystal structure.

Results

Optical microscopy

In Appendix Table 3, the results of the histological analy-
ses are reported. In Contemporary site, the 70% of bones
appear well preserved (high OHI sub-class): the osteon
structures are well recognizable, and the typical signs of
bone diagenesis are absent (Fig. 1a). On the contrary, 80%
of Late Roman bones appears badly preserved (low OHI
sub-class) (Fig. 1b), exhibiting a massive erosion of the
tissue, owing to fungal and bacteria actions. VS (Viale
Sabotino) and CG (Ca’ Granda) bones, although belonging
to Modern Age, show differences in their state of conser-
vation: CG bones are better preserved than VS bones,
yielding 30% and 17% of well-preserved tissue, respec-
tively. No bones from the CG site have a low histological
conservation index, whereas about 67% of VS samples
have an OHI ranging 0–1.

Scanning electron microscopy and electron
microprobe in wavelength-dispersive mode

The results achieved by OM are confirmed by backscattered
electron images, which allowed detection of morphological
differences inside the osteonic structures and qualitative as-
sessment of mineral changes. In Contemporary bones, the
mineral changes of successive concentric lamellae of primary
and secondary osteons can be easily recognized owing to their
different gray scale (Fig. 1b). Grooves (or tunnels) produced
by fungi penetrating into the bone (dark-grayish color) are
observed in all of the investigated samples (Fig. 2). In partic-
ular, in Late Roman and Modern bones, a wide diffusion of
bacterial colonies, leading to small pores and thin channels
surrounded by bright areas, is detected (Fig. 1d). From BSE-
SEM images, the TP, related to both vascular canals (i.e.,
Haversian and Volkmann canals) and diagenesis, can be qual-
itative observed. In particular, the vascular CP is characterized
by large and well-rounded pores, whereas the DP is mainly
constituted by small voids with an irregular shape. 2D imag-
ing provides a partially distorted estimate of the bone total
porosity, because it allows the visualization of the bone fea-
tures and diagenetic alterations on a surface only. For such a
reason, a high-resolution 3D inspection is necessary to get
insight into the evolution of the actual natural and diagenetic
porosity throughout the bone volume. In this view, the quan-
titative results of bone porosity achieved by SR-μCT will be
given and discussed in the next paragraph.

Furthermore, the chemical analyses performed on selected
points of preserved bone tissue of two samples with different
ages (CM_8 andUC_7) show similar compositions in terms of
major oxides (Table 1), within the uncertainties. Conversely,

Fig. 1 OM and SEM
micrographs: well-preserved
bone tissue in the CM_10 sample
(OHI 4–5), by OM (a) and BSE-
SEM (b); badly preserved bone
tissue in the UC_1 sample (OHI
0–1), by OM (c) and BSE-SEM
(d)
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CM_8 exhibits a higher content of minor oxides (i.e., with
concentrations < 1 wt%). Additional analyses in the inner
parts of the vascular canal pores prove high SO2 content in
CM_8 (9–13 wt%).

In UC_7, an increase of CaO and a decrease of P2O5 are
observed, corresponding to a higher Ca/P ratio, with respect to
CM_8. Note that the two samples show low totals (75 wt%),
probably due to the bone bulk composition consists of 30% of
organic carbon, lipids, and water, which are out of the
explorable range.

Synchrotron X-ray micro-tomography

Figure 3 shows the volume rendering performed on
Contemporary (CM_1) (a) and Modern (VS_8) (b) specimens,
exhibiting different degrees of bone preservation. The skeleton-
ized volume (Fig. 3 a.2 and b.2) and the maximum inscribed
spheres (Fig. 3 a.3 and b.3), which were used to determine the
vascular canal connectivity and diameter, are highlighted.

The quantitative analysis performed on SR-μCT images
indicates that the highest fraction of TP occurs in
Contemporary samples (16%) (Fig. 4), and the lowest one
(12%) in Late Roman bones. Although belonging to the same
Modern Age, VS bones exhibit an increase in TP with respect
to CG bones (15% and 10%, respectively).

The percentage of vascular CP on TP linearly decreases
from Contemporary (84%) to Modern (46–37%) and Late
Roman bones (30%). On the contrary, DP progressively in-
creases from Contemporary to Modern and Late Roman sam-
ples, from 16 up to 70%. Only the CPs of Contemporary
bones are linearly correlated to TPs. Additionally, in Late
Roman and Modern bones, a high intra-site variability is ob-
served in comparison with Contemporary bones.

The morphometric analysis on vascular canals’ volume, re-
ported in Appendix Table 4, shows a large number of mesopores
(volume pores ranging from 1.0 × 10−05 to 1.0 × 10−03 mm3) in
all bones of the sites examined. Figure 5 proves also that only
Contemporary bones reveal a bimodal volume-size distribution
(VSD) of the vascular canals, leading to two main pore

Table 1 Electron microprobe
analyses on preserved bone tissue
of CM_8 and UC_7 samples
(wt%). bdl, below the detection
limit; e.s.d., estimated standard
deviation. Each result is
calculated as an average of 30
points

Preserved bone tissue on CM_8 Preserved bone tissue on UC_7

wt (%) e.s.d. wt (%) e.s.d.

CaO 41.31 1.36 44.16 1.33

P2O5 32.51 1.64 30.7 3.86

FeO 0.03 0.03 0.03 0.03

Al2O3 bdl - 0.04 0.01

Na2O 0.87 0.07 0.45 0.05

K2O 0.09 0.02 0.01 0.01

SiO2 0.01 0.01 0.05 0.04

MnO 0.01 0.01 bdl -

MgO 0.43 0.05 0.34 0.08

SrO 0.04 0.04 0.03 0.03

BaO 0.03 0.02 0.04 0.02

SO2 0.48 0.12 0.56 0.08

Cl 0.05 0.03 0.06 0.01

Total 75.86 2.63 76.47 4.63

Ca/P 1.61 1.82

Fig. 2 Detail of microscopic
damage produced by
microorganisms in BSE-SEM (a).
The resulting recrystallization and
the voids produced by microbial
action are highlighted in green
and red, respectively (b)
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distributions into the meso- and macro-pores, respectively. On
the contrary, the VSD curves plotted for Late Roman and
Modern specimens exhibit a decrease of macro-pores, mainly
in UC bones. Appendix Table 4 points out a high vascular canal
pore connection in Contemporary bones (χV < 1), whereas in
Late Roman and Modern specimens, connectivity seems almost
negligible (χV > 1). A decrease of the vascular canal diameter
from 0.125 to 0.020mm is observed passing fromContemporary
to Modern and Late Roman bones.

Fourier transform infrared spectroscopy

The set of spectra obtained by FT-IR spectroscopy, and
reported in Fig. 6, shows a high absorbance peaks at
ν1Amide I and ν2(CO3

−2) in Contemporary bones, which
decrease in Modern and Late Roman bones. The calculated
amide I to phosphate ratio decreases from 0.73 to 0.20
from Contemporary to Late Roman bones, as reported in
Appendix Table 5. Modern bones have intermediate value

Fig. 3 Volume rendering (VOI =
4 × 4 × 4 mm3, 900 × 900 × 1100
voxels) of well-preserved bone
samples of (a) Contemporary age
(CM_8) and (b) diagenetically al-
tered bone sample of Modern age
(VS_8). For each sample, the re-
lated VOI are shown: (1) raw (as
reconstructed) images; (2) vascu-
lar canal networks (in red); (3)
filtered vascular canal networks
employed for morphological
analysis with skeletonized vol-
ume (in yellow) and maximum
inscribed spheres used to calcu-
late the vascular canal pore diam-
eters (in blue)

Fig. 4 Percentage of total
porosity (TP) detected in each
site. On scale bar, the percentage
fractions of vascular canal (CP)
and diagenetic porosity (DP) with
respect to the total porosity are
reported. (e.d.s. 10% for UC and
CM samples and 30% for VS and
CG samples)
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(0.56 in CG and 0.3 in VS site). As a consequence, the
resulting fraction of organic matter decreases from 29 in
CM to 18 wt% in UC bones. In Modern bones, the calcu-
lated fraction of organic matter takes intermediate values
between those observed in Late Roman and Contemporary
ages, ranging from 20 to 25 wt%. Likewise, the carbonate
to phosphate rat io assumes its highest values in
Contemporary bones (0.52) versus Modern (0.44 in CG
and 0.40 in VS) and Late Roman bone (0.34). On the

contrary, the crystallinity index (IRSF) increases from
Contemporary bones (2.7) to Modern (2.8) and Late
Roman bones (2.9). On the basis of the IRSF, the calculat-
ed mean crystal length of bone mineral shows an increase
from Contemporary (39 nm) to Modern (41–42 nm) and
Late Roman samples (45 nm). An inverse correlation can
be established between IRSF and the amide I content, and
the same holds between CO3

−2 content and IRSF values.
Such results are set out in Appendix Table 5.

Fig. 5 (a) Pore distribution of the
vascular canal pore volumes and
(b) cumulative frequency distri-
bution of vascular canal pore
volumes
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X-ray powder diffraction

Figure 7 displays an example of XRPD pattern, in which the
observed (dashed line), calculated (continuous line), and dif-
ference curves (bottom line) of a Late Roman sample (UC_8)
are shown. All the samples have phase compositions mainly
constituted by hydroxyapatite associated with minor amounts
of calcite and quartz. No evidences of brushite and apatite are
detected. Crystallographic refinements of the hydroxyapatite
cell parameters reveal that the average unit cell volumes are
quite similar in all the samples (ranging from 530 to 533 Å3),
within the experimental uncertainties; the largest cell volume

(533 Å3 in mean) is observed in the oldest sample, mainly due
to an increase of the a-cell parameter.

The quality of diffraction patterns is not so high as to allow
refinement of the atomic thermal parameters, site occupancies,
and atomic positions, but differences in the micro-structural
properties of hydroxyapatite are observable.

As for domain size, both isotropic and anisotropic models
were used to calculate its contribution to the line broadening.
The least satisfactory results were obtained employing
isotropically shaped crystallites (Rwp and GoF of 12.3 and
3.2) and the fit quality, especially in the 24–35° 2θ range
(Cu radiation), were very poor. Conversely, the uniaxial

Fig. 6 FT-IR spectra of Late
Roman (UC_8), Modern (VS_10,
CG_8), and Contemporary (CM_
10) bones. CG_8 had the highest
absorbance peaks of collagen
band at about 1653 cm−1 and
CO3

−2 at 873 cm−1
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model provided a significant improvement (Rwp and GoF of
7.8 and 1.9), thus confirming that this model is more appro-
priate to describe the crystallite shape. All the more so taking
into account that the Bragg peaks in the XRPD profiles show
signs of strong anisotropy, the 00l reflections are noticeably
sharper than the others, suggesting that the coherent diffrac-
tion domains preferentially align along [001]. FromAppendix
Table 6, we stress that: (i) the average size of the diffracting
domain of hydroxyapatite is nanometric, thus suggesting that
its crystal structure is far from the ideal one (Wopenka and
Pasteris 2005); (ii) the equatorial component of the uniaxial
model is quite similar in all the samples even though the
highest value is observed in Contemporary bones (CM_2);
(iii) large differences in terms of axial values measured along
[001] are visible: for CG_10 and VS_5, the value is 170 Å,
whereas in CM_2 and UC_8, it rises up to 420 Å, thus sug-
gesting that the coherent diffraction domains in the Late
Roman and Contemporary bones are larger and/or less defec-
tive than Modern ones (i.e., VS_5 and CG_10 had intermedi-
ate values).

Micro-strain, which affects the profile broadening of peaks,
was taken into account using the generalized micro-strain
model implemented in GSAS-II and employing for simplicity
an isotropic model. Although an anisotropic model would
better describe the crystallite complexity, in terms of preferred
distortion, dislocation, and planar defects, it was not used
because of the correlations occurring between refinement pa-
rameters and leading to unreliable results. Notwithstanding
the high dispersion and statistical uncertainty, the micro-
strain values from the isotropic model suggest that the anisot-
ropy of hydroxyapatite is more pronounced in Contemporary
bone (CM_2) than in Late Roman and Modern bones (UC_8,
VS_5, CG_10) (Fig. 8).

Discussion

The results from adult human skeletons suggest that a corre-
lation between alterations (in terms of microstructures and
physical-chemical features of the organic and mineral frac-
tions) and time elapsed since death is not easily recognizable.
Nevertheless, a multi-analytical approach can help (i) reveal
the typical constituents of bone degradation due to diagenetic
processes and (ii) provide information on the influence of the
post-mortem burial settings on the bone preservation.

Histology

Optical microscopy observations bring to light a progressive
level of degradation from Contemporary to Modern and Late
Roman bones, although a large intra-site variability is ob-
served in terms of OHI values (Nielsen-Marsh and Hedges
2000; Guarino et al. 2006). In Contemporary bones, the typ-
ical micro-structural features usually found in fresh bones are
well recognized: (i) primary osteons, constituted by concentric
lamellae surrounding the Haversian canals, as well as
Volkmann canal interconnections; (ii) secondary osteons,
which intersect the primary ones; (iii) canaliculi and osteocyte
lacunae (Fig. 1a, b). Conversely, Modern and Late Roman
bones are affected by bioerosion (Fig. 1c, d), and the microbial
focal destruction (MFD) is widespread over the whole thin
sections, especially in Late Roman bones. The significant var-
iability in the OHI values within each site does not allow
definition of a linear relationship between time elapsed since
death and bone preservation degree, and suggests that, at the
same environmental conditions, human remains can react dif-
ferently even under the same burial setting. The largest het-
erogeneity is observed in VS sites, where OHIs are distributed

Fig. 7 XRPD pattern of Late
Roman bone (UC_8). The
calculated (red line) and observed
(blue line) patterns are
highlighted, and the residual
resulting from Rietveld
refinement is also displayed at the
bottom. The main (hkl) Bragg
peaks are reported
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into the three sub-classes, whereas the UC bones exhibit the
lowest OHI variance, with almost all of the samples falling
into the low OHI sub-class. CM and CG sites present 30% of
variability, having samples in the medium and high OHI sub-
classes. Confined areas of destruction, produced by microbes
on both external and internal cortical borders, are observed
also in CM samples, wherein fungal attacks cause large and
irregular grooves penetrating into the bones and resulting in
dark-grayish tunnels. Bacterial attacks yield severe

destruction of the bone microstructure, promoting the occur-
rence of small pores and thin channels surrounded by a matrix
characterized by the highest BSE intensity values in Fig. 2 and
by a calcium-phosphate bearing chemical composition. The
latter may be considered the result of a recrystallization of the
original bone mineral, hereafter reported as secondary CHA
(Hackett 1981; Hedges et al. 1995; Child 1995a, 1995b; Bell
et al. 1996; Hedges 2002; Turner-Walker et al. 2002; Jans
et al. 2004; Turner-Walker and Jans 2008; Fernández-Jalvo

Fig. 8 Inset of the most representative peaks of hydroxyapatite carried
out from XRPD measurements performed on Contemporary (CM_2),
Modern (CG_10 and VS_5), and Late Roman (UC_8) bones. An

indicative 3D model of the shape of hydroxyapatite crystallites,
elongated along the c-axis, was also reconstructed from the difference
among hkl peak broadening for each bone (measures in ångström)
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et al. 2010; Müller et al. 2011). All this confirms that
bioerosion starts even 3 months after death (Hedges et al.
1995; Bell et al. 1996; Boaks et al. 2014; White and Booth
2014) and cannot be considered a peculiar feature only of the
oldest bones. Therefore, the extent of microbial action is not
related to the chronological age of an archaeological bone
(i.e., a good histological conservation has been observed also
on bone sections of fossil animals from Silurian to Pleistocene
in age, Trueman and Martill 2002; Turner-Walker 2012).
Although bone histology seems to be more dependent on the
burial environmental fluctuations than on the time elapsed
since death, there seems to be no apparent relationship be-
tween the degree of bone micro-structural preservation and
the kind of environment from which the bones come (Bell
et al. 1996; Jackes et al. 2001; Jans et al. 2004; Guarino
et al. 2006; Nielsen-Marsh et al. 2007; Turner-Walker and
Jans 2008; Hollund et al. 2012; Boaks et al. 2014; White
and Booth 2014; Booth and Madgwick 2016; Morales et al.
2017). Butchered archaeological bones appear often free of
bioerosion, whereas bones from fully articulated skeletons
show extensive damages due to bacteria. All this hints at a
prominent impact of endogenous gut bacteria in the decom-
position process (Huisman et al. 2017; Brönnimann et al.
2018). Consequently, a rapid skeletonization likely limits the
degree of putrefactive decomposition and of the related mi-
crobial damage (Hollund et al. 2012).

3D porosity

In addition to histological evaluation, bone porosity appears as
an important marker of post-mortem changes (Smith et al.
2008; Turner-Walker et al. 2002; Nielsen-Marsh and Hedges
2000; Nielsen-Marsh and Hedges 2000). Figure 4 shows that
the high porosity of Contemporary bones is mainly due to the
vascular canals, whereas in Late Roman and Modern speci-
mens, the pores result from diagenetic alteration. A progres-
sive general reduction of the volume of vascular canal fraction
from Contemporary to Modern and Late Roman bones (from
macro-pores to mesopores in Fig. 5), as well as a marked
reduction of vascular canal diameter, takes place as diagenesis
proceeds (see Appendix Table 4), in keeping with Nielsen-
Marsh (Nielsen-Marsh and Hedges 2000). Furthermore, a
general loss of intervascular canal connections is shown in
Fig. 3: only in Contemporary bones, the vascular canal sizes
are highly preserved (0.125 mm in diameter), as well as the
vascular canal interconnections (χV < 1) (longitudinal, trans-
verse, and oblique). On the contrary, a marked increase of
diagenetic pores was observed from Contemporary to
Modern and Late Roman bones attributable to the chemical
degradation of organic matrix as well as to the dissolution of
bone mineral, mainly promoted by microbial action (Nielsen-
Marsh and Hedges 2000; Turner-Walker et al. 2002;
Robinson et al. 2003; Smith et al. 2008; Müller et al. 2011).

SR-μCT results point to intra-site variability, mainly in
Modern bones where a large estimated standard deviation of
bone total volume porosity is observed (Fig. 4). The observed
heterogeneity in terms of bone porosity and histological dete-
rioration in VS and CG bones is the result of an interplay
between time elapsed since death and local burial conditions.

Consequently, even if porosity gives a clear and direct in-
dication of the degree of diagenetic changes and might appear
as a powerful tool for assessing the state of bone deterioration,
its variability makes it a poor marker of age (Hedges et al.
1995; Nielsen-Marsh and Hedges 2000; Jackes et al. 2001;
Reiche et al. 2002; Turner-Walker et al. 2002; Fernández-
Jalvo et al. 2010; Abdel-Maksoud and Abdel-Hady 2011).

Organic and carbonate contents and crystallinity
measurements

The diagenetic alteration of human bones is also well assessed
by FT-IR spectroscopy, suggesting a straightforward relation-
ship between chemical and structural modifications of the or-
ganic and mineral fractions and the time elapsed from death
(Winer and Bar-Yosef 1990; Person et al. 1995; Abdel-
Maksoud and Abdel -Hady 2011) . In par t icu lar ,
Contemporary bones exhibit the highest absorbance of amide
I and carbonate abundance, with respect to Modern and Late
Roman bones (Fig. 5). The amide I to phosphate ratio de-
creases from 0.73 to 0.20 (see Appendix Table 5), passing
from Contemporary to Modern and Late Roman specimens.
Furthermore, the carbonate to phosphate ratio decreases from
0.52 (CM bones) to 0.34 (UC bones), in keeping with an
inverse correlation proven to hold between preservation of
the organic fraction and crystallinity (Turner-Walker et al.
2002; Lebon et al. 2011). This confirms that as the diagenesis
proceeds, the degradation of the organic phase promotes min-
eral changes, favoring the recrystallization of the bonemineral
fraction (Trueman et al. 2004; Reiche et al. 2010; Rogoz et al.
2012). However, this process is extremely slow and may be
accelerated only by amassive microbial decay, heating, and/or
extreme acid environments, for it to have a relevant impact on
the bone structure (Collins et al. 2002).

Despite the high heterogeneity of collagen preservation
within single bones of archaeological samples reported in pre-
vious works (Reiche et al. 2010; Lebon et al. 2011; France
et al. 2014; Lebon et al. 2016), our results evidence a positive
correlation between the availability of organic content and the
sample age. Moreover, the distribution of carbonate content in
our samples seems to be a reliable marker of the diagenetic
history of bone over time (Lebon et al. 2014).

An inverse correlation between carbonate content and
IRSF confirms that the carbonate loss leads the bone mineral
to take the thermodynamically stable form of secondary CHA
(Trueman et al. 2004). Note that an alkaline pH is required to
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observe bone mineral recrystallizes into secondary CHA (the
so-called recrystallization window) (Berna et al. 2004).

The highest IRFS values are observed in Late Roman
bones (2.9) in association with an average crystal length of
45 nm. Modern samples exhibit similar values in terms of
IRSF and crystal length (2.8 and 41–42 nm, respectively)
whereas the Contemporary ones have the lowest crystallinity
and crystal length figures (2.7 and 39 nm, respectively). The
slight increment of both IRSF and mean crystal length from
Contemporary to Ancient bones may be caused by the simul-
taneous dissolution of small crystals and growth of larger ones
(Molin et al. 2002; Trueman et al. 2004; Lebon et al. 2011;
Rogoz et al. 2012), in agreement with the Ostwald ripening
mechanism (Wei et al. 1999; Arantes et al. 2018). However, in
comparison with the reference data, which report an increment
of the IRSF up to 4.5–5.0 on fossil and heated samples
(Reiche et al. 2002; Trueman et al. 2004; Trueman et al.
2008; Chadefaux et al. 2009b; Squires et al. 2011; Müller
et al. 2011; Hollund et al. 2013; Stathopoulou et al. 2013;
Beasley et al. 2014; Lebon et al. 2014; Monge et al. 2014;
Margariti et al. 2019), our IRSF values in Modern and Late
Roman samples suggest a partial involvement of bonemineral
in the diagenetic process (Reiche et al. 2010). Therefore, we
gather that only in the presence of a significant increment of
the time elapsed since death (> 2000 years old), mineral
changes can be well revealed in the bone structure.

Mineralogy and chemistry

Despite the abovementioned heterogeneity, no difference in
terms of mineralogical composition can be detected among all
the investigated samples. Secondary CHA appears as a major
phase and it is associated with minor contents of calcite and
quartz. Calcium carbonate occurs as authigenic mineral inclu-
sions that fill bone voids and result from diagenetic processes
(Prieto-Castelló et al. 2007; Piga et al. 2011; Rogoz et al.
2012). The quartz in the internal cavities of Late Roman and
Modern bones is considered a “mineral inheritance,” whose
origin depends on the mineralogical features of the deposition-
al sediment (Person et al. 1995; Monge et al. 2014; Margariti
et al. 2019).

Chemical and crystallographic changes of secondary CHA
seem to be correlated to diagenetic processes. The bone min-
eral fraction is poorly crystalline apatite with a marked in-
crease in the Ca/P mole ratio from Late Roman to
Contemporary bones (1.82 and 1.61, respectively), thus dif-
fering from the theoretical value of pure hydroxyapatite
(1.67). The enrichment in Ca2+ ions in UC sites may be attrib-
uted to a bone alteration which results in the recrystallization
of the original mineral phases into a thermodynamically more
stable form (secondary CHA) (Rogoz et al. 2012;
Stathopoulou et al. 2013; Keenan et al. 2015; Margariti et al.
2019).

The higher contents in minor species like Na2O and K2O in
CM bones may be associated with the ionic substitutions of
Na+ and K+, in place of Ca2+ in the bone mineral structure.
This appears more likely in in vivo bones because of non-
stoichiometric calcium-deficient bioapatite (Wopenka and
Pasteris 2005). These species can be considered markers
pointing to a diet rich in animal and/or plant components, even
though an exogenous origin cannot be excluded. In addition,
the large contents of SiO2 and SO2 in UC bones are related to
the substitution of Si4+ and S2+ in place of P3+ during the
decomposition of bones probably taken from the burial setting
(Wopenka and Pasteris 2005; Keenan et al. 2015; Abdel-
Maksoud and Abdel-Hady 2011; Abdel-Maksoud and El-
Sayed 2016; Margariti et al. 2019). In particular, the signifi-
cant content of SO2 detected inside the vascular canal pores of
Contemporary bones may be referred to sulphuric acid occur-
ring as a residue of decomposition processes (Keenan et al.
2015).

The cell parameters of the CHA are comparable with the
ones reported in literature (Piga et al. 2009, 2013), suggesting
an increase in the cell volume as the diagenesis increases. The
largest values observed in the Late Roman bones reflect the
high content of CaO in its crystal structures.

The similar values for c-axis reported for Contemporary
and Late Roman bones, in comparison with reference samples
(Margariti et al. 2019), suggest a global improvement of the
bone crystallinity with diagenesis, as it has been observed in
association with the post-mortem burial or carbonization pro-
cess, because it takes place when a bone starts losing its or-
ganic material (Person et al. 1995; Reiche et al. 2002; Prieto-
Castelló et al. 2007; Abdel-Maksoud and Abdel-Hady 2011;
Monge et al. 2014).

In the present study, a hkl-dependent broadening of the
Bragg peaks is visible in powder diffraction patterns and has
often made it difficult to model the peak shape in Rietveld
analysis. Such anisotropic peak broadening may be due to a
variety of reasons, such as anisotropic particle shape, occur-
rence of stacking faults, and anisotropic strain. Despite a var-
iance in the obtained results, significant differences in terms of
domain size and micro-strain values are observed among the
samples, suggesting a progressive loss of alignment along the
c-axis in the Late Roman and Modern bones, with a conse-
quent reduction of anisotropy.

In particular, the micro-structural features inferred from the
profile analysis of XRPD patterns indicate that secondary
CHA has a highly defective structure in all the samples, as
suggested by the nanometric size of the coherent diffraction
domains. The micro-structural features of the Late Roman
samples confirm that the diagenesis induces the recrystalliza-
tion of a newly formed hydroxyapatite which exhibits a high
crystallinity (i.e., large domain size) at the micro-scale, with
respect to the Modern and Contemporary ones. Note that in
the Contemporary bones, large domain sizes are associated
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with high values in terms of micro-strain, suggesting a high
density of defects and dislocations within the coherent
domains.

Diagenetic pathways as a function of elapsed time
since death and burial context

The multidisciplinary approach used in the present study sug-
gests that in the oldest bones of the UC site, a massive erosion
of bone tissue at histological scale took place. An increase of
diagenetic porosity at the expenses of the natural one is ob-
servable, with a reduction of size, density, and interconnec-
tions between vascular canals. The amounts of protein and
carbonate are significantly reduced, as well as the bone min-
eral appears recrystallized. Diagenesis also induces the recrys-
tallization of a newly formed secondary hydroxyapatite
exhibiting a nearly free-defect structure, along with a progres-
sive loss of alignment along the c-axis, with a consequent
reduction of original anisotropy.

On the contrary, Contemporary bones of the CM site show
an excellent histological preservation. Natural vascular canals
appear similar to those of fresh bones. The bone tissue bears
large contents of proteins and carbonate, and a low crystallin-
ity index. The bone mineral has a nanometric size of the co-
herent diffraction domains, with high density of defects and
dislocations in the structure. The bone crystals are also aligned
along the c-axis and preserve their anisotropic shape.

In this case, the high preservation of the CM bones that
resemble fresh bones appears related to the use of coffins,
wherein the bodies were buried and which protected the
corpses against weathering, so that only after putrefaction of
soft tissues, the bones became progressively affected by decay
processes (Kendall et al. 2018 and references therein).

As for Modern bones, although they belong to the same
chronological age, our results confirm they underwent differ-
ent weathering processes related to the local conditions of the
burial settings. The samples of the VS site were recovered
from a mass grave, whereas the bones of the CG site were
housed in an ossuary inside a crypt. Therefore, both sites pre-
serve commingled human remains, but they were exposed to
different conditions of pH, temperature, humidity, chemical,
and microbiological environments, thus leading to different
bone conservation levels after death. The main differences in
conservation were observed at histological scale, where CG
bones appear well preserved compared with VS bones and
exhibit an extensive microbial activity. At the same time, the
higher modifications in terms of natural and diagenetic poros-
ity were observed in VS bones only, whose alterations resem-
ble those previously detected on UC bones. Conversely, CG
bones display a natural vascular canals’morphology similar to
that observed on CM bones, with few signs of diagenetic
porosity.

All Modern bones have a similar alteration of bone miner-
al, collagen, and carbonate content, as observed by both FT-IR
and XRPD analyses.

Therefore, this research points out that bones from the same
chronological age differ from each other only in terms of
microstructure and porosity. The organic and mineral phases
appear more sensitive to the time elapsed since death than to
the conditions of the burial context; the bone histology, in
turn, seems poorly correlated to the organic and mineral
fractions.

Depletion of proteins along with chemical and mineral
changes in bones after death occurs not completely mediated
through microbial actions, which might play a major role in
histological alterations. In this view, other factors are able to
promote or inhibit the conservation of the organic and mineral
bone components. For instance, extreme acidity or alkalinity
condition of soil pH, high temperature, and active hydrology
(cyclical wetting and dying regimes) promotes the swelling
and shrinking of collagen fibers, as well as dissolution and
recrystallization of minerals (Kendall et al. 2018 and
references therein).

The high histological preservation of CG bones may have
been promoted by the conditions of the crypts, which
protected bones against climate (soil, rainfall), maintaining a
constant low-temperature and an anoxic micro-environment
(Nielsen-Marsh and Hedges 2000), thus inhibiting the devel-
opment of microbiological action. Conversely, the similar his-
tological degradation observed in bones of UC and VS site
hints at more aggressive conditions of burial environment in
VS site, with acidic soil and hydrological fluctuations
(Nielsen-Marsh and Hedges 2000), impairing conservation
of bone tissue, which resembles that of the most ancient site.

Conclusions

The present research aims to contribute to a better understand-
ing of the complex correlations among factors that affect hu-
man bones during the diagenetic process (namely burial envi-
ronment and time elapsed since death). In particular, the work
focuses on how the organic andmineral components influence
each other and the resulting micro-structural features of the
human bones.

The results highlighted a lower correlation between the pres-
ervation of micro-structural assessment and the degree of conser-
vation of organic and mineral fractions than expected. In partic-
ular, a relationship was observed between the conservation of the
organic and mineral fractions and the time elapsed since death.
On the other hand, the micro-structural bone features, in terms of
porosity and histological assessment, seem to bemore influenced
by the environmental burial conditions.

Generally, as diagenesis proceeds, bone undergoes several
different pathways of deterioration as follows:
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1. A progressive attack of microbes (bacteria and fungi)
leading to a complete destruction of the osteon’s struc-
tures and to an increase in the diagenetic porosity;

2. A general reduction of the vascular CP and of the vascular
canal diameters and their connections;

3. A decrease of the organic and carbonate fractions with
time, thus promoting the recrystallization of bone mineral
into a thermodynamically more stable form of secondary
CHA. The growth of this resulting newly formed mineral
phase follows the Ostwald ripening process and this latter
yields a general increase of its crystal size;

4. Amarked increase in the Ca/P mole ratio in CHA crystals
is attributed to the recrystallization of the original mineral
phases (secondary CHA);

5. A progressive loss of alignment along the c-axis of CHA,
with a consequent reduction of anisotropy as well as an
increase in the domain size as diagenesis proceeds.

Nevertheless, a discrete variability was found among bones
from the same assemblage,mainly in theModern sites, especially
in terms of histological appearance and degree of preserved nat-
ural versus diagenetic porosity. The preservation degree of mod-
ern bones (VS and CG) appears similar to the one detected in
Late Roman (UC) and Contemporary (CM) samples. The work
highlights the high heterogeneity of diagenetic process, because
of an interdependence between the time elapsed since death and
the burial local environment. In particular, the relationship be-
tween the conservation of organic and mineral phase and the
histological preservation is not very close.

In this light, a complete understanding of the diagenetic
process requires a multidisciplinary approach, taking into ac-
count the potentialities and limitations of each of the
employed analytical techniques. The combination of a multi-
disciplinary approach is useful to remove possible ambiguities
and/or uncertainties in defining the preservation degree of
bonematerials. In particular, a 2D imaging analysis performed
by optical and electron microscopy may provide an unfaithful
assessment of bone diagenesis. On the contrary, the 3D high-
resolution synchrotron micro-tomography gives the actual im-
age of the bone inner parts with an extraordinary level of
details of its microstructure. In particular, morphometric vas-
cular canal network is an important issue, since a low image
resolution tends to underestimate vascular pores and a high
resolution of at least 1 μm is required to achieve a precise
quantification of such an observable (Cooper et al. 2003;
Palacio-Mancheno et al. 2014).
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